We have demonstrated that Na/K-ATPase acts as a receptor for reactive oxygen species (ROS), regulating renal Na + handling and blood pressure. TALLYHO/JngJ (TH) mice are believed to mimic the state of obesity in humans with a polygenic background of type 2 diabetes. This present work is to investigate the role of Na/K-ATPase signaling in TH mice, focusing on susceptibility to hypertension due to chronic excess salt ingestion. Age-matched male TH and the control C57BL/6J (B6) mice were fed either normal diet or high salt diet (HS: 2, 4, and 8% NaCl) to construct the renal function curve. Na/K-ATPase signaling including c-Src and ERK1/2 phosphorylation, as well as protein carbonylation (a commonly used marker for enhanced ROS production), were assessed in the kidney cortex tissues by Western blot. Urinary and plasma Na + levels were measured by flame photometry. When compared to B6 mice, TH mice developed salt-sensitive hypertension and responded to a high salt diet with a significant rise in systolic blood pressure indicative of a blunted pressure-natriuresis relationship. These findings were evidenced by a decrease in total and fractional Na + excretion and a right-shifted renal function curve with a reduced slope. This salt-sensitive hypertension correlated with changes in the Na/K-ATPase signaling. Specifically, Na/K-ATPase signaling was not able to be stimulated by HS due to the activated baseline protein carbonylation, phosphorylation of c-Src and ERK1/2. These findings support the emerging view that Na/K-ATPase signaling contributes to metabolic disease and suggest that malfunction of the Na/K-ATPase signaling may promote the development of salt-sensitive hypertension in obesity. The increased basal level of renal Na/K-ATPase-dependent redox signaling may be responsible for the development of salt-sensitive hypertension in polygenic obese TH mice.
Introduction
Obesity, hypertension and type 2 diabetes, as a group of risk factors, are significant causes of morbidity and mortality throughout the world. Although these disorders often cluster in individuals, the basis for this aggregation is not well understood [1] . Hypertension is a key modifiable risk factor. Moreover, obesity and metabolic syndrome are phenotypes that are strongly associated with
Results

TH Mouse Characteristics
Analysis of these TALLYHO/JngJ and C57BL/6J (B6) mice showed that, at 14-27 weeks of age, TH mice had body masses (body weight, BWs) that were on average 15% greater than those of wild-type (WT) mice ( Figure 1A ). The increased BWs in the TH groups compared with B6 groups were also mirrored by the elevated adiposity. Figure 1B ,C revealed increased visceral fat mass including retroperitoneal, perirenal and epididymal fat pads that were about twice as large as those in WT B6 mice at 23-27 weeks of age. Particularly, excess fat accumulation around the kidneys, known as fatty kidneys, is shown in Figure 1B . However, no significant differences were recorded between the high salt and normal chow groups. In contrast to WT B6 mice, TH mice exhibited mild but statistically significant elevations in non-fasting blood glucose ( Figure 1D ). The 49.4% increase in kidney size (kidney weight/body weight) observed in obese TH mice differed significantly from the values observed in B6 mice ( Figure 1E ). Moreover, there was a substantial increase in both plasma creatinine ( Figure 1F ) and 24 h urinary albumin excretion ( Figure 1G ) in obese TH mice when compared to the B6 mice. Semi-quantitative data on renal histology also showed an increase in glomerular and tubule-interstitial fibrosis in TH mice ( Figure 1H ). These findings indicate that the risk-factor clustering for cardiovascular disease associated with obesity and metabolic syndrome may play a role in impaired renal function exhibited by the obese TH mice. also mirrored by the elevated adiposity. Figure 1B ,C revealed increased visceral fat mass including retroperitoneal, perirenal and epididymal fat pads that were about twice as large as those in WT B6 mice at 23-27 weeks of age. Particularly, excess fat accumulation around the kidneys, known as fatty kidneys, is shown in Figure 1B . However, no significant differences were recorded between the high salt and normal chow groups. In contrast to WT B6 mice, TH mice exhibited mild but statistically significant elevations in non-fasting blood glucose ( Figure 1D ). The 49.4% increase in kidney size (kidney weight/body weight) observed in obese TH mice differed significantly from the values observed in B6 mice ( Figure 1E ). Moreover, there was a substantial increase in both plasma creatinine ( Figure 1F ) and 24 h urinary albumin excretion ( Figure 1G ) in obese TH mice when compared to the B6 mice. Semi-quantitative data on renal histology also showed an increase in glomerular and tubuleinterstitial fibrosis in TH mice ( Figure 1H ). These findings indicate that the risk-factor clustering for cardiovascular disease associated with obesity and metabolic syndrome may play a role in impaired renal function exhibited by the obese TH mice. (D) Non-fasting blood glucose levels (n = 8-9). (E) Kidney mass (n = 9-10). (F) Plasma creatinine (n = 7-10). (G) 24 h urinary albumin excretion rate and urinary albumin to creatinine ratio (n = 7-9). (H) Masson's trichrome staining of kidneys. Representative and quantitative assessment of the areas of extracellular matrix in the glomerulus and tubulointerstitial fibrosis (original magnification, ×20) mean ± SEM of trichrome-stained photomicrographs obtained from right kidney tissues from B6 and TH mice. ** p < 0.01, *** p < 0.001 versus B6 normal chow.
2.2. Systolic Blood Pressure, Renal Na + Excretion, and Na/K-ATPase Signaling with Normal Chow in Obese TH Mice
The regulation of blood pressure requires the maintenance of a balance between Na + and water intake and Na + and water excretion. We have reported that reactive oxygen species (ROS) can signal through the Na/K-ATPase signaling cascade including Src and ERK phosphorylation [11] [12] [13] , which is capable of regulating renal proximal tubule Na + transport [11, 13, [15] [16] [17] . Impairment of Na/K-ATPase signaling contributes to salt-sensitive hypertension in the experimental rat model [12] . Table 1 and Figure 2 illustrate Na/K-ATPase signaling is involved in regular salt and water balance, leading to stable body fluid volumes and the maintenance of normal blood pressure. As shown in Table 1 , there was no significant difference in systolic blood pressure or total and fractional Na + excretion rate between wild-type B6 and obese TH mice. Moreover, Na/K-ATPase signaling was activated as demonstrated by increased protein carbonylation and heme oxygenase-1 (widely used markers for enhanced ROS production, Figure 2A ), and phosphorylation of c-Src and ERK1/2 ( Figure 2B ) in the kidney cortex tissues of TH mice, in comparison to WT B6 mice. More importantly, there were significant positive correlations between Na + excretion and lithium (Li + ) excretion rate over 24 h ( Figure 2C ), suggesting that the proximal tubule is engaged in Na + handling in both of these strains. quantitative assessment of the areas of extracellular matrix in the glomerulus and tubulointerstitial fibrosis (original magnification, ×20) mean ± SEM of trichrome-stained photomicrographs obtained from right kidney tissues from B6 and TH mice. ** p < 0.01, *** p < 0.001 versus B6 normal chow.
Systolic Blood Pressure, Renal Na + Excretion, and Na/K-ATPase Signaling with Normal Chow in Obese TH Mice
The regulation of blood pressure requires the maintenance of a balance between Na + and water intake and Na + and water excretion. We have reported that reactive oxygen species (ROS) can signal through the Na/K-ATPase signaling cascade including Src and ERK phosphorylation [11] [12] [13] , which is capable of regulating renal proximal tubule Na + transport [11, 13, [15] [16] [17] . Impairment of Na/KATPase signaling contributes to salt-sensitive hypertension in the experimental rat model [12] . Table  1 and Figure 2 illustrate Na/K-ATPase signaling is involved in regular salt and water balance, leading to stable body fluid volumes and the maintenance of normal blood pressure. As shown in Table 1 , there was no significant difference in systolic blood pressure or total and fractional Na + excretion rate between wild-type B6 and obese TH mice. Moreover, Na/K-ATPase signaling was activated as demonstrated by increased protein carbonylation and heme oxygenase-1 (widely used markers for enhanced ROS production, Figure 2A ), and phosphorylation of c-Src and ERK1/2 ( Figure 2B ) in the kidney cortex tissues of TH mice, in comparison to WT B6 mice. More importantly, there were significant positive correlations between Na + excretion and lithium (Li + ) excretion rate over 24 h ( Figure 2C ), suggesting that the proximal tubule is engaged in Na + handling in both of these strains. 
C57BL/6J (B6) TALLYHO/JngJ (TH)
Systolic blood pressure, (mmHg, n = 8-10)
104.9 ± 1.6 110.5 ± 2.0
Total Na + excretion rate UNa + V, mEq/day, n = 9-10) 0.619 ± 0.073 0.647 ± 0.065 
Systolic blood pressure, (mmHg, n = 8-10) 104.9 ± 1.6 110.5 ± 2.0
Total Na + excretion rate UNa + V, mEq/day, n = 9-10) 0.619 ± 0.073 0.647 ± 0.065
Fractional Na + excretion (FENa + , %, n = 9-10) 3.384 ± 0.324 3.875 ± 0.297
Systolic Blood Pressure and Fluid Retention with High Salt Diet in Obese TH Mice
Although the TH mice have similar normal levels of systolic blood pressure (SBP) compared to B6 mice fed with normal chow ( [14, 18] and Table 1 ), to the best of our knowledge, we were the first to demonstrate that TH mice were hypertensive in terms of salt sensitivity based on the renal functional curve studies. Weight stable and weight gaining data ( Figure 3D ) showed that both B6 and TH mice had enough food intake. When quantifying the differences in food and Na + consumption, at least two factors should be taken into consideration: (1) overestimation of actual food and Na + consumption resulting from food spilling, since we observed that B6 mice are more active and drop more food into the bedding during feeding than TH mice; (2) how long it takes to get acclimatized to high salt diets. Therefore, to minimize the variations caused by the factors mentioned above, we compared the Na + intake throughout the entire experiment using the self-comparison (the increases in 24 h Na + intake in Table 2 ). If assuming that both B6 and TH mice dropped food into the beddings in the same rate across the experiment, the Na + intake was increased by 1.173-fold at 2% NaCl (compared to normal chow), 1.311-fold at 4% NaCl (compared to 2% NaCl) and 1.316-fold at 8% NaCl (compared to 4% NaCl) in B6 mice; the TH mice had a rise in Na + consumption by 0.607-fold at 2% NaCl, 1.218-fold at 4% NaCl and 1.541-fold at 8% NaCl (Table 2 ). This suggested that the TH mice might take a little longer time to get adapted to gradually increased high salt intake. Thus, it would be reasonable to interpret the differences in the renal handling of Na + throughout the entire experiment.
High dietary salt intake presents a major challenge to the kidneys to excrete large amounts of salt administered. On normal chow, the TH mice appeared to be borderline hypertensive. At the end of the 2% NaCl diet, the increases in Na + intake in TH (0.607 ± 0.366) were less than B6 mice (1.173 ± 0.627, Table 2 ). However, TH mice showed a significant rise in systolic blood pressure ( Figure 3C ), further suggesting that TH mice were salt-sensitive hypertensive. At the end of the experiment, even if the increases in Na + consumption were a little, but not significantly, more in TH mice (1.541 ± 0.759) as compared to B6 mice (1.316 ± 0.562, Table 2), the TH mice showed an impairment of renal Na + handling ( Figure 4A ,D-F), resulting in an increase in systolic blood pressure ( Figures 3C and 4B ) in comparison to the wild-type B6 mice. Essentially, as Na + and water intake increased ( Figure 3A ,B, Table 2 ), the renal function curve of TH mice was not only shifted to the right, but its slope was also decreased ( Figure 3C ) as compared to the normal chow group, indicating that TH mice exhibited a more sensitive response to a high salt intake regarding systolic blood pressure.
days)
HS n = 8 6.350 ± 0.620 8.835 ± 0.863 *** 1.541 ± 0.759 16.474 ± 1.127 *** Normal chow (0.39% Sodium): HS, high salt. Value = Mean ± SEM; *** p < 0.001, * p < 0.05 vs B6 NC or TH NC respectively; # p < 0.05 vs B6 HS. Δ, self-comparison, Na + intake value at 2%, 4%, and 8% NaCl is subtracted by the previous value at NC, 2%, and 4% NaCl, respectively, which is then divided by the previous Na + intake value. . TH mice develop salt-sensitive hypertension due to blood volume expansion. Increased Na + intake (A, n = 8-10) and water intake (B, n = 8-10) were observed in both B6 and TH mice. (C) Renal function curve was plotted with systolic blood pressure (BP) on the abscissa and the Na + intake on the ordinate. Compared to the wild-type B6 mice, high salt significantly shifted the renal function curve to the right in obese TH mice (n = 10-12). *** p < 0.001 versus TH NC at different amounts of Na + intake respectively. (D) Body weight gain (n = 7-8). NC, normal chow group, 0.39% NaCl; HS, high salt group, 7 days of 2% NaCl, 7 days of 4% NaCl, and then 7 days of 8% NaCl. ** p < 0.01 versus TH NC at different amounts of Na + intake respectively. (E) Hematocrit (n = 9-13). * p < 0.05. (F) Plasma albumin (n = 8). * p < 0.05.
Salt-induced hypertension is initiated by increased blood volume. Total peripheral resistance (TPR) then becomes elevated, responsible for hypertension [8, [19] [20] [21] . The volume of plasma and Figure 3 . TH mice develop salt-sensitive hypertension due to blood volume expansion. Increased Na + intake (A, n = 8-10) and water intake (B, n = 8-10) were observed in both B6 and TH mice. (C) Renal function curve was plotted with systolic blood pressure (BP) on the abscissa and the Na + intake on the ordinate. Compared to the wild-type B6 mice, high salt significantly shifted the renal function curve to the right in obese TH mice (n = 10-12). *** p < 0.001 versus TH NC at different amounts of Na + intake respectively. (D) Body weight gain (n = 7-8). NC, normal chow group, 0.39% NaCl; HS, high salt group, 7 days of 2% NaCl, 7 days of 4% NaCl, and then 7 days of 8% NaCl. ** p < 0.01 versus TH NC at different amounts of Na + intake respectively. (E) Hematocrit (n = 9-13). * p < 0.05. (F) Plasma albumin (n = 8). * p < 0.05. , and 8% NaCl is subtracted by the previous value at NC, 2%, and 4% NaCl, respectively, which is then divided by the previous Na + intake value.
Salt-induced hypertension is initiated by increased blood volume. Total peripheral resistance (TPR) then becomes elevated, responsible for hypertension [8, [19] [20] [21] . The volume of plasma and blood has been derived from indirect estimates of changes in the concentration of plasma proteins and the hematocrit [19] [20] [21] . We next explored hemodynamic mechanisms initiating hypertension on a high salt diet in obese TH mice. After three weeks of a high salt diet, body weight in the TH groups on both high and regular salt diets was significantly higher than those in control groups ( Figure 3D ). High salt diets did not result in increased food consumption in TH mice on the respective diets versus their counterparts, reflecting that TH mice comsumed a similar amount of food as the B6 mice. Therefore, weight gain of about 4 g within 3 weeks of high salt diet ( Figure 3D ) in TH mice is not due to hyperphagia, suggesting fluid retention. At this moment, we believe that on normal chow, the TH mice are heavier than B6 mice due to the elevated adiposity ( Figure 1B,C) . While on a high salt diet, obese TH mice gained weight, which suggested fluid retention because there were no significant differences in fat-pad mass recorded between the high salt and normal chow groups. As compared to the WT B6 mice, the observed fall in hematocrit and plasma albumin in response to a high salt diet in TH mice ( Figure 3E ,F) indicated an increase in the plasma volume, in parallel with a significant increase in body weight ( Figure 3D ). Therefore, hypertension in obese TH mice on a high salt diet was caused by increased blood volume and water retention.
Impaired Renal Na + Excretion and Na/K-ATPase Signaling with High Salt Diet in Obese TH Mice
Research during the past four decades has demonstrated that obesity shifts the renal function curve to higher blood pressure due to the impaired renal Na + excretion [3, [22] [23] [24] [25] . The relationships between the excretion of Na + and water and blood pressure in TH and B6 mice are presented in Figures 3C and 4A-F. In normal chow groups, 24 h urine output and Na + excretion rate were not significantly different, averaging 45.39 µL/day/g BW versus 42 .67 µL/day/g BW in urine output ( Figure 4A ) and 9.261 µEq/day/g BW versus 10.64 µEq/day/g BW in urine Na + excretion rate ( Figure 4D ) for B6 and TH mice respectively. Increasing SBP by 7 mmHg in the control B6 mice (from 107 to 114 mmHg, Figures 3C and 4B) led to a 5.3-fold increase in urine output as well as comparable increases in total and fractional Na + excretion (15.6-fold and 52.3-fold, respectively, Figure 4A,D,E) . . Results in A-F, * p < 0.05; ** p < 0.01; *** p < 0.001. Urinary excretion data were all factored per gram body weight. HS, 7 days of 2% NaCl, 7 days of 4% NaCl, and then 7 days of 8% NaCl.
In the salt-sensitive hypertensive TH mice, the diuretic and natriuretic response to changes in arterial pressure were less than those seen in the control B6 mice. Increasing SBP by 17 mmHg from 113 to 130 mmHg ( Figures 3C and 4B ) produced a 3.5-fold increase in urine output ( Figure 4A ) and 10.7-fold increase in total Na + excretion ( Figure 4D ). Similarly, there was a significant 22.6-fold rise in Pressure-natriuresis curve was plotted with systolic BP on the abscissa and the total Na + excretion on the ordinate (n = 7-9). (C) Creatinine clearance (Ccr, n = 7-9). (D) Total Na + excretion rate (n = 6-7). (E) Fractional Na + excretion (n = 8-10). (F) Fraction water excretion (n = 7-9). Results in A-F, * p < 0.05; ** p < 0.01; *** p < 0.001. Urinary excretion data were all factored per gram body weight. HS, 7 days of 2% NaCl, 7 days of 4% NaCl, and then 7 days of 8% NaCl.
In the salt-sensitive hypertensive TH mice, the diuretic and natriuretic response to changes in arterial pressure were less than those seen in the control B6 mice. Increasing SBP by 17 mmHg from 113 to 130 mmHg ( Figures 3C and 4B ) produced a 3.5-fold increase in urine output ( Figure 4A ) and 10.7-fold increase in total Na + excretion ( Figure 4D ). Similarly, there was a significant 22.6-fold rise in fractional Na + excretion in the TH mice ( Figure 4E ) as SBP was elevated over this range. In other words, TH mice fed a high salt diet showed the rightward shift and shallow slope in the renal function curve ( Figures 3C and 4B) , and also 32.5% and 37.9% less than B6 mice in urine output ( Figure 4A ) and fractional Na + excretion ( Figure 4E ). It is evident that the pressure-diuretic and -natriuretic responses to a high salt diet in obese TH mice were diminished. A significant rise in renal water reabsorption as shown by a decreased fractional water excretion ( Figure 4F ) also supports this finding. We validated the observations by a high salt diet with a Na + bolus and volume expansion in the anesthetic mouse. SBP significantly increased in TH mice in response to saline loading compared to B6 mice. Volume expansion caused marked increases in sodium excretion in B6 mice, but these increases were significantly attenuated in polygenic obese TH mice ( Figure S1) .
A significant increase in creatinine clearance (Ccr, an index of glomerular filtration rate, GFR) was observed in obese TH mice ( Figure 4C ), suggesting that the ability to maintain Na + balance during high salt hypertension may be dependent on an elevated GFR. Regarding the molecular mechanisms for impaired pressure-natriuresis, we assessed the Na/K-ATPase signaling function in the kidney cortex tissues. Figure 5A showed that a high salt diet stimulated redox signaling and phosphorylation of c-Src and ERK1/2 in WT B6 mice. However, this phenomenon was not seen in obese TH mice. The dysfunctional Na/K-ATPase signaling seemed to be attributed to over-stimulated baseline protein carbonylation and c-Src and ERK1/2 phosphorylation when compared to their relative controls. Heme oxygenase (HO-1) expression is usually regulated by redox-sensitive transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2). Consistent with the expression pattern of the HO-1 protein, the qRT-PCR analysis demonstrated that Nrf2 responsive genes were significantly upregulated by high salt in WT B6 mice but not in obese TH mice. Compared to the B6 mice with normal chow, the Nrf2 target genes appeared to be upregulated already with normal chow ( Figure 5B ). relative controls. Heme oxygenase (HO-1) expression is usually regulated by redox-sensitive transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2). Consistent with the expression pattern of the HO-1 protein, the qRT-PCR analysis demonstrated that Nrf2 responsive genes were significantly upregulated by high salt in WT B6 mice but not in obese TH mice. Compared to the B6 mice with normal chow, the Nrf2 target genes appeared to be upregulated already with normal chow ( Figure 5B ). qRT-PCR analysis of nuclear factor erythroid 2-related factor 2 (Nrf2) target genes in the kidney cortex tissues. GSTm1, glutathione S-transferase M1. GCLC, glutamate-cysteine ligases. TXNRD1, qRT-PCR analysis of nuclear factor erythroid 2-related factor 2 (Nrf2) target genes in the kidney cortex tissues. GSTm1, glutathione S-transferase M1. GCLC, glutamate-cysteine ligases. TXNRD1, thioredoxin reductase 1. * p < 0.05; ** p < 0.01; *** p < 0.001 versus B6 NC. HS, 7 days of 2% NaCl, 7 days of 4% NaCl, and then 7 days of 8% NaCl.
Discussion
TH Mouse Appears to Be a Suitable Model to Research the Pathophysiology of Obesity and Metabolic Syndrome-Related Chronic Kidney Disease
In 2017, the Centers for Disease Control and Prevention (CDC) reported that more than 1 in 7 US adults were estimated to have chronic kidney disease (CKD), but 96% of them were not aware of having CKD [26] . However, CKD research is hampered by a lack of an appropriate CKD mouse model. Although many genetically modified mice have been generated on a C57BL/6J background, the biggest problem is that this model does not provide data on kidney function or proteinuria. The data in the present study indicate that the TH mouse model might be useful to investigate the pathophysiology of the human obesity and metabolic syndrome-related kidney diseases.
According to the most widely used National Cholesterol Education Program's Adult Treatment Panel III (NCEP: ATP III) [27] and the International Diabetes Federation (IDF) [22, 28] definitions, we have shown that TH mice exhibit a phenotype reminiscent of the human metabolic syndrome. The metabolic derangements in obese TH mice include fatty kidneys ( Figure 1B,C) , high blood sugar ( Figure 1D ), and salt-sensitive blood pressure ( Figures 3C and 4B ) that are observed in obesity in humans. The bigger kidney size ( Figure 1E ) as shown in humans [23] [24] [25] suggests kidney hypertrophy. The observed increases in 24 h proteinuria and plasma creatinine and glomerular and tubule-interstitial fibrosis ( Figure 1F-H) indicate decreased kidney function. When challenged with a high salt diet, TH mice show an aberration in renal Na + excretion ( Figure 4A,D-F) . Increased fat deposition in and around the kidneys ( Figure 1B) is also related to impaired pressure natriuresis and hypertension [29] .
High blood glucose and hypertension are the leading cause of CKD. Given the occurrence of single gene mutations causing obesity in humans is rare, the polygenic obese TH mice appear to be an accurate replica of either human genetics or physiology [30] [31] [32] , representing a suitable animal model to investigate the potential diagnostic and therapeutic approach for human obesity and metabolic syndrome-related kidney diseases.
3.2. Renal Na/K-ATPase Signaling Malfunction Response to Dietary Salt Contributes to Blunted Na + and Water Excretion, Leading to Salt-Sensitive Hypertension in Obese TH Mice Metabolic syndrome in human patients often exhibits increased salt sensitivity [33, 34] and is thought to be salt-sensitive to blood pressure. Although one study reports that the TH mice have normal levels of systolic blood pressure compared with the wild-type B6 mice [14, 18] , we have first demonstrated in this report that the TH mouse has the salt sensitivity or blood pressure changes in response to a high salt diet based on the following findings. First, TH mice had a 17 mmHg rise in systolic blood pressure placed on gradually increasing salt consumption (Figures 3C and 4B) . Secondly, the diminished pressure diuretic-natriuretic relationship was evidenced by a rightward shift of renal function curve with a decrease in the slope ( Figures 3C and 4B) , in contrast to the control B6 mice. Thirdly, 32.5% less in daily urine output and 37.9% less in fractional Na + excretion than the wild-type B6 mice was observed in obese TH mice ( Figure 4A ,E). Last but not least, expanded fluid and blood volume was shown in obese TH mice by the weight gain and a reduction in both hematocrit and plasma albumin levels in response to a high salt diet ( Figure 3D-F) .
The mechanisms responsible for salt-sensitive hypertension in obesity and metabolic syndrome involve a multifaceted process that includes activation of the sympathetic nervous and renin-angiotensin systems [3, 35, 36] , especially increased renal sympathetic nerve activity. Moreover, renal denervation dramatically attenuates Na + retention and hypertension in experimental models of obesity [36] [37] [38] . However, renal denervation has not provided a clinical panacea [39] [40] [41] . Hence, additional molecular hypotheses need to be explored. Reactive oxygen species (ROS), a frequent accompaniment of chronic disorders, have been documented in both experimental and human salt-sensitive and/or obese hypertension [42, 43] . Additionally, ROS appear to be essential initiators and maintainers of sympathetic hyperactivity [44] . We have reported that ROS can signal through the Na/K-ATPase signaling cascade [45] [46] [47] [48] [49] [50] , which is capable of regulating renal proximal tubule Na + transport [11, 13, [15] [16] [17] , to modulate blood pressure in the experimental rat model of salt-sensitive hypertension [12] . Furthermore, Na/K-ATPase acts as an amplifier for ROS [51] . pNaKtide, an antagonist specifically for Na/K-ATPase signaling, blocks the signal by which the cellular Na/K-ATPase amplifies oxidants and ameliorates obesity-related abnormalities [52] [53] [54] . The data in this present investigation demonstrated that high salt was unable to activate Na/K-ATPase signaling further in the obese TH mice when compared to B6 mice ( Figure 5A ). Due to this, TH mice could not excrete Na + as much as the wild-type B6 mice did ( Figure 4D,E) . In other words, the absence of differences in redox signaling and phosphorylation of c-Src and ERK1/2 in TH mice between the normal chow and high salt groups in Figure 5A suggested that Na/K-ATPase signaling was dysfunctional. Thus, TH mice had less capability of excreting Na + , leading to salt-sensitive hypertension. Specifically, the rightward shift of the renal function curve in obese TH mice was probably due mainly to the dysfunctional Na/K-ATPase signaling-induced increase in Na + reabsorption by the renal tubules, which in turn required an elevated pressure and elevated glomerular filtration rate to overcome the excess Na + reabsorption and still excrete the daily intake of Na + . The finding ( Figure 4C ) that the creatinine clearance (Ccr), an index of the glomerular filtration rate, was statistically higher in the obese TH mice when challenged with a high salt diet, also supports this mechanism.
Interestingly, the observed high baseline protein carbonylation and HO-1 expression (Figure 2A ) in the kidney cortex tissues of TH mice are similar to that as shown in Dahl salt-sensitive rats ( [12] and unpublished data). The mass spectrometry study in our recent publication demonstrates that carbonylation modification of the Na/K-ATPase may play a critical role in renal sodium handling [16] . Therefore, we postulate that the carbonylated modification of Na/K-ATPase as seen in the kidney cortex tissues of TH mice with normal chow (Figures 2A and 5A ), which we would like to term the Na/K-ATPase carbonylated preconditioning, might produce resistance to Na/K-ATPase signaling, resulting in an abnormal pressure diuresis-natriuresis response as shown in Figure 4 . Due to this, obese TH mice might be prone to developing hypertension when challenged with a high salt diet ( Figures  3C and 4B) . In particular, Na/K-ATPase is highly sensitive to changes in the redox state [55] [56] [57] . The mechanisms of its redox sensitivity remain unclear. Most recently, Dr. Petrushanko's group reported that inhibition of Na/K-ATPase signaling caused by ouabain in murine fibroblast cells (SC-1 cell line) under hypoxic conditions was associated with a decrease in the production of reactive oxygen species and prevention of oxidative stress [58] . S-glutathionylation of cysteine residues of the Na/K-ATPase plays an essential role in this process [55] . It would be fascinating to study further the crosstalk between the carbonylation and S-glutathionylation of Na/K-ATPase regarding Na/K-ATPase signaling-mediated renal Na + handling and blood pressure regulation.
Overall, we believe the redox signaling is required in Na/K-ATPase signaling-mediated Na + handling and blood pressure regulation. Furthermore, carbonylated preconditioning of Na/K-ATPase might play a key role in impaired Na/K-ATPase signaling-mediated pressure-natriuresis.
3.3. Proximal Na/K-ATPase Signaling Might Be Implicated in Renal Na + and Water Handling in Both B6 and TH Mice
Numerous studies have reported the association of obesity with increased reabsorption of Na + in proximal tubules [59] [60] [61] , impaired pressure natriuresis, and then hypertension [29] . Endogenous cardiotonic steroids (CTS) in humans and rodents [57, 62] , can signal through Na/K-ATPase, regulating renal salt handling in the proximal tubules [11, 13, 16] and contributing to salt-sensitive hypertension [12, 15] . Since lithium (Li) is the marker for proximal tubular delivery [63] , the data in this present study that correlates urinary total Na + and lithium excretion showed genuinely proportional excretion of both ions ( Figure 2C ), implicating identical handling of lithium and Na + in the proximal tubules in these two strains. In other words, changes in urinary Na + excretion are paralleled by changes in urinary Li + excretion. Moreover, proximal tubular Na + handling is associated with the activation of Na/K-ATPase signaling (Figure 2A,B) . When challenged with a high salt diet, the obese TH mice had a reduced in vivo capacity to excrete a salt load. This natriuretic handicap is associated with an impaired Na/K-ATPase signaling activation ( Figure 5A ), and greater renal Na + reabsorption, as determined by decreased total, fractional Na + excretion, contributing to the development of salt-sensitive hypertension in this strain. Since the natriuretic handicap is demonstrable only following salt loading, it appears not to be a fixed intrinsic abnormality of TH mouse kidneys. Of note, dysfunctional Na/K-ATPase signaling could be due to the activation of baseline Na/K-ATPase signaling termed the carbonylated preconditioning. This finding is consistent with our previous report in cellular observations. The stimulated baseline c-Src phosphorylation is detected in proximal tubules isolated from DS rats [12] and in α1 Na/K-ATPase knockdown porcine proximal tubular PY-17 cells [64] , as well as in Pro to Ala α1 mutant porcine proximal tubular PA cells [16] . This cellular alteration could be the cause of the higher rate of kidney Na + reabsorption observed in the TH mice response to a high salt diet. We appreciate the most recent publication in Nature Communication, which demonstrates that Src is also regulated by redox-dependent mechanisms, further supporting our findings [65] . It would be exciting to explore the mechanisms by which obesity reduces the pool of Src-interacting Na/K-ATPase and thus increases the baseline signaling function in the future. Taken together, we postulate that salt sensitivity is the result of Na/K-ATPase signaling malfunction in the proximal tubules. Specifically, serving as the receptor for ROS, the pre-activation of the proximal tubular Na/K-ATPase signaling may, in turn, reduce the effectiveness of Na/K-ATPase signaling-mediated natriuresis, leading to kidney dysfunction, characterized by increased proximal tubular reabsorption. The insufficient Na/K-ATPase signaling-mediated natriuresis causes the shift of pressure-natriuresis to higher blood pressure, compensating the initial kidney dysfunction and returning Na + excretion to match intake.
The mechanisms for the desensitized Na/K-ATPase signaling-mediated renal Na + handling need to be researched in the future.
Perspective
Abnormalities in the actions of this Na/K-ATPase signaling on Na + excretion may be a significant factor responsible for the salt sensitivity of blood pressure in obese TH mice. The crosstalk between the carbonylated preconditioning and S-glutathionylation of Na/K-ATPase regarding Na/K-ATPase signaling-mediated renal Na + handling and blood pressure regulation remains to be explored.
We may explore the possibility further once pharmacological manipulation of the Na/K-ATPase signaling system becomes feasible in humans.
Materials and Methods
Experimental Protocol
The protocol of the study was approved by the Marshall University Institutional Animal Care and Use Committee (IACUC#: 611. Approved on 25 April 2018), and all animal care followed the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Twenty week old male TALLHO/JngJ (TH) and C57BL/6J (B6) mice were obtained from the Jackson Laboratory (Bar Harbor, Maine, USA). All animals were housed in a pathogen-free facility under a controlled environment, consisting of a regulated light cycle (on 12 h, off 12 h), temperature (21-23 • C), and humidity (40-55%). The mice were divided into two groups as follows: (1) normal chow (NC); (2) high salt diet (HS, 7 days of 2% NaCl, 7 days of 4% NaCl, and 7 days of 8% NaCl). High salt diet pellets were purchased commercially from ENVIGO, Madison, WI, USA (2% NaCl, TD. 130345; 4% NaCl, TD. 110078; 8% NaCl, TD. 07501).
Non-fasting blood glucose levels were measured with a glucometer from submandibular bleeding. Body weight was measured every week. Blood pressure, 24 h food consumption, 24 h drinking water volume and 24 h urine sample (animal in an individual metabolic cage) were collected one day before and after the different concentrations of dietary salt. Renal function curves were used to investigate the causative mechanisms of obesity hypertension. Mice were anesthetized with the gaseous isoflurane (ISO). The induction of anesthesia was started by placement of the animal in a container with 2-3% ISO, whereas maintenance of anesthesia was provided by continuous inhalation of 1.5-2% ISO. Kidneys were obtained to test Na/K-ATPase signaling function ( Figure 6 ). (2) High salt group: 7 days of 2% NaCl in food, 7 days of 4% NaCl in food, and then 7 days of 8% NaCl in food.
Non-fasting blood glucose levels were measured with a glucometer from submandibular bleeding. Body weight was measured every week. Blood pressure, 24 h food consumption, 24 h drinking water volume and 24 h urine sample (animal in an individual metabolic cage) were collected one day before and after the different concentrations of dietary salt. Renal function curves were used to investigate the causative mechanisms of obesity hypertension. Mice were anesthetized with the gaseous isoflurane (ISO). The induction of anesthesia was started by placement of the animal in a container with 2-3% ISO, whereas maintenance of anesthesia was provided by continuous inhalation Figure 6 . Experimental protocol. Aged-matched male obese TALLYHO/JngJ (TH) and wild-type C57BL/6J (B6) mice were divided into two groups. (1) Normal chow group: 0.39% sodium in chow; (2) High salt group: 7 days of 2% NaCl in food, 7 days of 4% NaCl in food, and then 7 days of 8% NaCl in food.
Blood Pressure Measurement
Systolic blood pressure (SBP) was monitored on conscious animals by a tail-cuff method using CODA 8-Channel High Throughout Non-Invasive Blood Pressure System (Kent Scientific, Boston, MA, USA) following at least two weeks of daily training by a single operator. To obtain a reliable SBP value from each mouse, the mean of at least ten consecutive readings, taken 2-3 times before and after different concentrations of salt, was calculated.
Hematocrit (HCT) Measurement
The submandibular vein was punctured using a 5.5 mm Goldenrod animal lancet (Medipoint Inc, Mineola, NY, USA). Whole blood samples were collected by using a Heparinized Microhematocrit Capillary Tube (Produce number: 22-362-566, Fisherbrand, Pittsburgh, PA, USA) and then centrifuged for 5 min in a Unico Micro-Hematocrit Centrifuge (Model: C-MH30, Dayton, NJ, USA).
Renal Na + Handling Studies
Na + and endogenous Li + concentrations in the urine, as well as Na + concentrations in plasma specimens, were determined by flame photometry (contrAA 300, Analytik Jena, Germany). The levels of creatinine and albumin in plasma and urine were assessed using a commercial enzymatic assay kit (cat#, 80350, Crystal Chem, Elk Grove Village, IL, USA) and an ELISA kit (cat#, 80630, Elk Grove Village, IL, USA), respectively. Creatinine clearance (Ccr), total Na + and Li + (UNa + V and ULi + V) and fractional Na + excretion rates (FENa + ) were calculated from the following formula: where Ucr and Pcr are the concentrations of creatinine in urine and plasma, respectively. UNa + and PNa + represent the concentrations of Na + in urine and plasma respectively. ULi + is the concentration of Li in urine. V is urine flow rate in volume per time.
Western Blotting
Western blotting was done as previously described [11, 12, 16] . Briefly, kidney cortex tissues were lysed in lysis buffer (Nonidet P-40 buffer containing 1% Nonidet P-40, 0.25% Na deoxycholate, 50 mM NaCl, 50 mM HEPES, 10% glycerol (pH 7.4), 1 mM Na vanadate, 0.5 mM Na fluoride, 1 mM phenylmethanesulfonyl fluoride, and protease inhibitor cocktail (Sigma-Aldrich, ST. LOUIS, MO USA). Proteins were separated by SDS-PAGE and transferred onto a PVDF membrane. After membranes were blocked with 5% milk for 60 min, they were probed with various primary antibodies overnight at
Histopathological Staining
Masson's trichrome staining was performed on right kidney tissues by Wax-it Histology Services Inc. (Vancouver, BC V6T1Z3, CA). Computer-aided morphometry was used to quantify the percent area of fibrosis as previously reported [49, 66] .
Measurements of mRNA Expression (Quantitative Real-Time qRT-PCR)
For quantification of mRNA levels, the right kidney was used. Total RNA was purified from frozen kidney using Qiagen RNeasy Mini Kit as recommended by the manufacturer (Cat. 74104, Qiagen, Hilden, Germany). Isolated total RNA was used for qRT-PCR. The quantity and quality of the total RNA product were checked using the Nanodrop 2000/2000c spectrophotometer. One microgram RNA was used for cDNA synthesis in a reaction volume of 20 µL using the reverse transcription of RNA with the SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (REF 11752-250, Invitrogen) .
The primers used in this study were as follows: HO-1 forward, 5 -TGACACCTGAGGTCAAGCAC -3; reverse, 5 -GGCAGTATCTTGCACCAGGC-3; glutathione S-transferase M1 (GSTm1): forward, 5 -CTGACTTTGAGAAGCAGAAGCC -3 , reverse, 5 -TAGGTGTTGCGATGTAGCGG -3 ; glutamate-cysteine ligases (GCLC) forward, 5 -CCCGGGCTGTCAACCG -3 , reverse, 5 -TACTCCACCTCGTCACCCC -3 ; thioredoxin reductase 1 (TXNRD1) forward, 5 -AGCTGGTGGTTTCACCTTCC -3 , reverse, 5 -TTTTTGTTCGGCTTCAGGGC -3 ; Actin forward, 5 -GGCTGTATTCCCCTCCATCG -3 , reverse, 5 -CCAGTTGGTAACAATGCCATGT -3 .
The LightCycler 480 PCR and detection system (Roche) was used for amplification and real-time quantification. The PCR reactions of each sample were performed in triplicate in a final volume of 20 µL in a 384 well plate. The PCR mixture contained 1 µL of 4X diluted cDNA template, 10 µL of SYBR Green Master Mix 2S and primers at a final concentration of 0.5 µM with the following conditions: initial denaturation at 95 • C for 5 min, followed by 45 amplification cycles at 95 • C for 15 s, and 60 • C for 30 s. After the amplification reaction melting curve analysis was performed, starting at 95 • C for 5 s, and 65 • C for 1 min, followed by cooling at 40 • C for 30 s. The comparative cycle threshold (Ct) method (also referred to as the DDCt Method) was used to analyze the data. Relative mRNA levels were calculated with the efficiency-corrected Ct method with β-actin as reference genes and mRNA levels for B6 NC as calibrator.
Statistics
Statistical data analysis was performed with GraphPad Prizm 7.01 (GraphPad Software, San Diego, CA, USA). We tested our data for normality using the Shapiro-Wilk test. Data that were normally distributed were compared using parametric methods. For data that failed the test for normality or data in which there were less than six observations, nonparametric methods were used for statistical comparisons. When parametric tests were used, we additionally checked for the robustness of our data by confirming the results with the nonparametric test. Data are represented as mean ±SEM, and error bars also indicate SEM p-values were calculated by (1) either unpaired two-tailed Students' t-test or Mann-Whitney test for non-normal data or small sample size for directly comparing the means of two groups; (2) Two-way ANOVA followed by a Tukey's multiple comparisons test for all the data sets analyzing the response of the two strains (B6 and TH) to two levels of salt intake (NC and HS). Throughout the study, a p-value of <0.05 using a two-tailed test was considered significant.
Conclusions
What is new?
1.
This study reports associations between renal Na/K-ATPase signaling-mediated Na + excretion and blood pressure for the first time in polygenic obese TH mice. 2.
Obese TH mice have normal proximal tubule Na + handling that is likely driven by activated proximal Na/K-ATPase signaling-mediated natriuresis.
